Abstract. Medulloblastomas are among the most frequently diagnosed pediatric solid tumors, and drug resistance remains as the principal cause of treatment failure. Hypoxia and the subsequent activation of hypoxia-inducible factor 1α (HIF-1α) are considered key factors in modulating drug antitumor effectiveness, but the underlying mechanisms in medulloblastomas have not yet been clearly understood. The aim of the present study was to determine whether hypoxia induces resistance to cyclophosphamide (CPA) and ifosfamide (IFA) in DAOY medulloblastoma cells, whether the mechanism is dependent on HIF-1α, and whether involves the modulation of the expression of cytochromes P450 (CYP)2B6, 3A4 and 3A5 and the control of cell proliferation. Monolayer cultures of DAOY medulloblastoma cells were exposed for 24 h to moderate (1% O 2 ) or severe (0.1% O 2 ) hypoxia, and protein expression was evaluated by immunoblotting. Cytotoxicity was studied with the MTT assay and by Annexin V/PI staining and flow cytometry. Cell proliferation was determined by the trypan-blue exclusion assay and cell cycle by propidium iodide staining and flow cytometry. Hypoxia decreased CPA and IFA cytotoxicity in medulloblastoma cells, which correlated with a reduction in the protein levels of CYP2B6, CYP3A4 and CYP3A5 and inhibition of cell proliferation. These responses were dependent on hypoxia-induced HIF-1α activation, as evidenced by chemical inhibition of its transcriptional activity with 2-methoxyestradiol (2-ME), which enhanced the cytotoxic activity of CPA and IFA and increased apoptosis. Our results indicate that by stimulating HIF-1α activity, hypoxia downregulates the expression of CYP2B6, CYP3A4 and CYP3A5, that in turn leads to decreased conversion of CPA and IFA into their active forms and thus to diminished cytotoxicity. These results support that the combination of HIF-1α inhibitors and canonical antineoplastic agents provides a potential therapeutic alternative against medulloblastoma.
Introduction
Medulloblastomas comprise 15 to 20% of all the central nervous system (CNS) primary pediatric malignant tumors, and have recently been classified into four molecular subgroups: Wingless (WNT), Sonic hedgehog (SHH) and the numerical groups 3 and 4, which display differences in disease course and clinical outcome (1, 2) . Current advances in medulloblastoma diagnosis, in combination with therapeutic regimens with surgery, craniospinal radiotherapy or chemotherapy, have contributed to an increase in the 5-year survival rate of up to 80% (2) . However, drug resistance remains as one of the most difficult barriers to overcome, and is frequently associated with therapeutic failure, elevated morbidity rates, relapses and long-term sequelae in neurocognitive development (3, 4) .
Most solid tumors exhibit zones characterized by gradients of low oxygen tension, termed hypoxia, a condition considered to be a key factor in the promotion of resistance to diverse chemotherapeutic agents in CNS tumors, including medulloblastoma (3, 5) . Moderate to severe hypoxia (2.5-0.1% O 2 , respectively), has for example been documented in astrocytomas, oligodendrogliomas and glioblastoma multiforme (6) . Cellular responses to oxygen variations are regulated by HIF-1 (hypoxia-inducible factor 1), a heterodimeric transcription factor constituted by the HIF-1α subunit, whose expression, protein stability and sub-cellular localization depend on O 2 levels, and HIF-1β, a nuclear subunit constitutively expressed (7) . HIF-1α overexpression has been associated with the resistance of several types of tumors to a variety of drugs (8) (9) (10) (11) (12) , supporting the hypothesis that hypoxia and the HIF-1 pathway contribute to modulate the effectiveness and toxicity of anticancer chemotherapeutic drugs (13) .
The standard treatment of medulloblastoma includes antineoplastic pro-drugs such as cyclophosphamide (CPA) and ifosfamide (IFA), whose antitumoral activity requires chemical transformation to produce alkylating cytotoxic intermediary metabolites, a mechanism that depends on redox reactions catalyzed predominantly by the cytochrome P450 (CYP) isoforms 2B6, 3A4 and 3A5 (14) . These heme-thiolated enzymes display differential expression in several solid tumors, including osteosarcoma, breast, prostate and lung cancers (15) (16) (17) (18) , and is widely accepted that alterations in the tumor expression of CYP enzymes contribute to changes in the metabolic deactivation of anticancer agents or the activation of pro-drugs (19, 20) . However, to date, little is known concerning CYP expression in medulloblastomas.
Recent studies demonstrated that moderate hypoxia (1% O 2 ) downregulates CYP3A4 expression in the human hepatocarcinoma HepG2 cell line, resulting in decreased metabolic activation of antineoplastic acridine compounds (21, 22) . Furthermore, CYP2B6 selectively mediates the activation of the pro-drug AqN4 to the cytotoxin Aq4 in hypoxic cells (23) , evidencing that limited oxygen availability in tumors may alter drug metabolism and therapeutic effectiveness, mainly by interfering with the regulation of CYP expression, with consequences for chemoresistance (21, (24) (25) (26) .
Despite intense research focusing on elucidating the relationship between hypoxia and tumor drug resistance, the underlying mechanisms in medulloblastomas have not been clearly delineated. In this study, we showed that the in vitro exposure of DAOY medulloblastoma cells to moderate (1% O 2 ) or severe (0.1% O 2 ) hypoxia, produced resistance to CPA or IFA, characterized by increased half-maximal inhibitory concentration values (IC 50 ), alongside decreased protein levels of CYP2B6, CYP3A4 and CYP3A5, inhibition of cell proliferation and arrest in the G1 phase of the cell cycle. These responses depended on the activation of the HIF-1 pathway, as evidenced by the fact that the chemical inhibition of its transcriptional activity with 2-methoxyestradiol (2-ME) acted in an additive manner with CPA or IFA to exert cytotoxic activity and increase apoptosis.
Materials and methods
Reagents. Cyclophosphamide monohydrate, ifosfamide, MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide], propidium iodide (PI) and RNase A were purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). 2-Methoxyestradiol (2-ME) was obtained from Tocris Bioscience (Bristol, uK). The antibodies used and their sources were: Rabbit polyclonal anti-HIF-1α (cat. no. NB100-449), from Novus Biologicals (Littleton, CO, uSA); mouse monoclonal anti-CA-IX (cat. no. sc365900), mouse monoclonal anti-PCNA (proliferating cell nuclear antigen) (cat. no. sc-25280), goat anti-rabbit IgG (cat. no. sc-2004) and rabbit anti-goat IgG (cat. no. sc-2768), from Santa Cruz Biotechnology (Santa Cruz, CA, uSA); rabbit monoclonal anti-CYP2B6 (cat. no. ab140609), rabbit polyclonal anti-CYP3A4 (cat. no. ab135813), rabbit polyclonal anti-CYP3A5 (cat. no. ab89811) and mouse monoclonal anti-CDKN1B (cyclin-dependent kinase inhibitor 1B) (cat. no. ab54563) from Abcam (Cambridge, MA, uSA); mouse monoclonal anti-α-actin (cat. no. GTX80809) and goat anti-mouse IgG (cat. no. GTX213111-01), were purchased from GeneTex (Irvine, CA, uSA).
Cell culture and hypoxic conditions. Monolayer cultures of DAOY cells (human desmoplastic cerebellar medulloblastoma cell line; HTB-186; ATCC, Manassas, VA, uSA) were routinely maintained in Eagle's minimal essential medium (EMEM) supplemented with 10% fetal bovine serum (FBS; Biowest, Riverside, CA, uSA), 100 u/ml penicillin and 100 µg/ml streptomycin (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), at 37˚C in a humidified atmosphere of 95% air and 5% CO 2 . Normoxia was considered as 16.2% O 2 (ppO 2 588 mm Hg) as México City is located 2,240 m above sea level. Hypoxia was generated by a pre-equilibrated Bactrox hypoxic chamber (Shel Lab; Sheldon Manufacturing, Inc., Cornelius, OR, uSA) and oxygen was balanced with N 2 and CO 2 . Once 90% confluence was reached, medulloblastoma cells were incubated for 24 h under moderate (1% O 2 ) or severe (0.1% O 2 ) hypoxia.
Immunoblot analysis/western blotting. Total, cytosolic and nuclear protein extracts were processed according to Jewell et al (27) . Briefly, cells were grown in EMEM supplemented with 10% FBS and antibiotics in T-75 culture flasks (10 6 cells) until 90% confluence was reached. The medium was replaced by fresh medium and cells were then incubated in normoxia or hypoxia for 24 h. Adherent cells were scraped in 200 µl cell lysis buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA and 150 mM NaCl), containing 0.5% IGEPAL (Sigma-Aldrich; Merck KGaA), 1 mM Mini-Complete protease inhibitor cocktail (Roche; Mannheim, Germany) and 1 mM PMSF (Sigma-Aldrich; Merck KGaA). Samples were incubated for 10 min on ice before centrifugation at 20,000 x g for 5 min at 4˚C. Cytosolic proteins were removed and pellets were re-suspended in nuclear extraction buffer (20 mM HEPES, pH 7.9, 400 mM NaCl, 1 mM EDTA and 1 mM DTT), incubated on ice for 15 min, and then vortexed and centrifuged at 20,000 x g for 5 min at 4˚C. Total cell lysates were prepared using 100 µl RIPA buffer (Sigma-Aldrich; Merck KGaA). After centrifugation (4,000 x g, 20 min, 4˚C), protein levels were determined by the Bradford colorimetric assay, using bovine serum albumin (BSA) as standard reference.
Nuclear (30 µg protein), cytosolic (30 µg) and total (30-50 µg) lysates were electrophoretically separated using 8-12% SDS-PAGE and proteins were then transferred to polyvinylidene difluoride membranes (Immobilon-P; Millipore, Temecula, CA, uSA). Membranes were blocked with 5% non-fat dry milk in Tris-buffered saline solution (TBS; 50 mM Tris-HCl, pH 7.5, 150 mM NaCl) containing 0.1% Tween-20 (Sigma-Aldrich; Merck KGaA) at room temperature for 1 h, followed by overnight incubation with primary antibodies: HIF-1α (1:2,000 dilution); CA-IX, (1:200); PCNA (1:1,000); CYP2B6 (1:2,000); CYP3A4 (1:3,000); CYP3A5 (1:2,000); CDKN1B (1:200) and α-actin (1:10,000). After extensive washing with TBS, membranes were incubated for 1 h with horseradish peroxidase-conjugated secondary antibodies: goat anti-mouse IgG (1:3,000), goat anti-rabbit IgG (1:3,000) or rabbit anti-goat IgG (1:5,000). Protein signals were detected by chemiluminescence using the Immobilon™ Western HRP substrate (Millipore; Merck KGaA), and images were captured with Bio-Rad Fluor S Max MultiImager and analyzed with quantity One 1-D Analysis Software version 4.4.1 (Bio-Rad Laboratories, Inc., Hercules, CA, uSA). Protein levels were expressed as relative optical density, normalized with respect to the levels of an internal control (α-actin), with the exception of nuclear HIF-1α, normalized to PCNA levels.
Immunocytochemistry. DAOY cells (10 4 cells/well) were grown in EMEM supplemented with 10% FBS and antibiotics in Lab-Tek-8 well chambers. After 24 h, the medium was replaced by fresh medium, and cells were incubated in normoxic or hypoxic conditions for 24 h. Cells were then fixed for 20 min in 4% formalin in water (w/v), and rinsed twice with ice-cold phosphate-buffered saline solution (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM NaHPO 4 , 2 mM KH 2 PO 4 , pH 7.4). Samples were incubated in antigen retrieval buffer (10 mM sodium citrate, pH 6.0) for 15 min at 95˚C and then rinsed three times with ice-cold PBS. Endogenous peroxidases were blocked with H 2 O 2 (3%, v/v, in methanol) for 15 min and cells were then rinsed with distilled H 2 O and PBS for 5 min. Non-specific binding was blocked with normal swine serum (2%, v/v, in PBS) at room temperature for 1 h. Cells were then incubated overnight at room temperature in blocking solution containing an anti-HIF-1α antibody (1:1,000 dilution) in a humidified chamber. The Biotinylated Link Universal Secondary Antibody (Dako; Agilent Technologies, Inc., Santa Clara, CA, uSA) and streptavidin conjugated with horseradish peroxidase (cat. no. K069011) were used as secondary antibodies. Color was generated by adding the substrate 3'3-diaminobenzidine (1:1,000 dilution) for 1 min, and counterstaining was performed with hematoxylin. Finally, the cells were subsequently dehydrated in 70, 90 and 100% ethanol, ethanol-xylene (1:1) and xylene (100%), and then covered with resin. Images were obtained with Image-Pro Plus (Aperio; Leica Biosystems, Inc., Buffalo Grove, IL, uSA) with an Olympus BX-40 Microscope (Olympus Corp., Center Valley, PA, uSA).
Determination of cellular density and viability by the trypan-blue exclusion assay. DAOY cells were grown in EMEM supplemented with 10% FBS and antibiotics in 6-well plates (2x10 5 cells/well) and cultured for 24 h. The medium was replaced by fresh medium before incubation under normoxic and hypoxic conditions for 24 h. The medium was then removed, cells were rinsed twice with 5 ml ice-cold PBS and then incubated with 400 µl 0.25% trypsin-EDTA for 5 min. The trypsin action was terminated with 2 ml supplemented EMEM medium. Cells (1:5 dilution) were exposed to 0.4% trypan-blue solution in 300 µl PBS for 10 min and the number of cells was determined by using a Neubauer chamber. CPA and IFA were dissolved in EMEM at a final concentration of 100 mM. 2-ME was dissolved in DMSO (5 mM stock), and stored at -20˚C until required. All dilutions were freshly prepared before addition to the cells. The DMSO final concentration was 0.1% to avoid cellular damage.
MMT assay. DAOY cells were grown in EMEM supplemented with 10% FBS and antibiotics in 96-well plates (5x10 3 cells/well) and incubated for 24 h at 37˚C and 5% CO 2 . Thereafter, the cells were exposed to CPA or IFA (0.1-100 mM) under normoxic or hypoxic conditions for 24 h. In parallel determinations, cells were incubated under the described conditions in the presence of 2-ME (5-40 µM). Control experimentation was performed in cells treated with the corresponding vehicles. After 48 h of total incubation, cells were analyzed with the MTT assay. Briefly, 10 µl of an MTT solution (5 mg/ml sterile water) was added to the cells for 3 h. The medium was removed and 100 µl MTT solvent (4 mM HCl and 0.1% IGEPAL in isopropyl alcohol) was added and the plate was placed on an orbital shaker for 15 min at 25˚C. Spectrophotometrically determinations at 560 nm were then performed (Modulus™ II Microplate; Turner BioSystems, Inc.; Thermo Fisher Scientific, Inc.).
Cell cycle distribution. Cell cycle distribution was analyzed using the modified assay described by Box and Demetrick (28) . Cells (2x10 5 cells/well) were grown in EMEM supplemented with 10% FBS and antibiotics in 6-well plates. After 24 h the medium was replaced by fresh medium and cells were incubated under normoxia or hypoxia for 24 h. The cells were then washed and trypsinized with 400 µl 0.25% trypsin-EDTA for 5 min. The trypsin action was terminated with 2 ml supplemented EMEM medium, the cell suspension was centrifuged (200 x g, 5 min, 4˚C) and the pellet was re-suspended in 1 ml PBS containing 1 mM EDTA. Absolute ethanol (2.3 ml, -20˚C) was added and the suspension was stored overnight at -20˚C. The cell suspension was centrifuged at 200 x g for 5 min, re-suspended in 500 µl DNA extraction buffer (0.2% Triton X-100 in PBS) and kept for 10 min at room temperature. Cells were centrifuged again at 200 x g for 5 min at 4˚C and the pellet was re-suspended in 200 µl RNAase A solution (1 mg/ml) and kept for 10 min at room temperature, centrifuged at 200 x g for 5 min, re-suspended in 500 µl PBS; 15 µl propidium iodide solution (1 mg/ml) were added and the mixture was incubated for 50 min at room temperature in the dark. After centrifugation at 200 x g (5 min, 4˚C), cells were re-suspended in 400 µl PBS. Flow cytometry was performed with BD LSRFortessa™ equipment (BD Biosciences, San Jose, CA, uSA) and the cell cycle was analyzed using ModFit LT software (Verity Software House, Topsham, ME, uSA).
Apoptosis assay. DAOY cells (2x10
5 cells/well) were grown in EMEM supplemented with 10% FBS and antibiotics in 6-well plates for 24 h and then exposed to CPA and IFA (IC 50 values determined previously, see Results) in the absence or presence of 2-ME (5 µM). The medium was then removed and the cells were rinsed twice with 5 ml ice-cold PBS and trypsinized with 400 µl 0.25% trypsin-EDTA for 5 min. The trypsin action was terminated with 2 ml supplemented EMEM medium. After centrifugation at 200 x g (5 min, 4˚C), cells were re-suspended in 1 ml PBS (1 mM EDTA). The apoptotic cell fraction was revealed with Annexin V/PI according to the protocol of the Annexin V Apoptosis Detection Kit FITC (eBiosciences; Thermo Fisher Scientific, Inc.). Flow cytometry was performed with BD LSRFortessa™ and apoptosis was analyzed with Cyflogic software (CyFlo Ltd., Turku, Finland).
Effect of drug combinations. The cytotoxic effects of CPA or IFA plus 2-ME were analyzed by determining the resistance index (RI), with the following equation: RI = Se (1x2)/So (1+2), where experimental survival (Se) is the product of the survival observed with drug 1 and the survival observed with drug 2, and survival observed (So) is the survival observed with the drug combination of 1 and 2. RI values >1 indicate additive effects, whereas RI >2 indicates synergistic effects (29) .
Statistical analysis. Data are expressed as means ± standard error (SEM). The statistical analysis was performed with Prism 5.0 (GraphPad Software, La Jolla, CA, uSA). Data were compared with one-way ANOVA followed by post hoc Tukey's or Dunnett's tests, or with two-way ANOVA followed by Bonferroni's test. Probability values (P) <0.05 were considered statistically significant.
Results

Hypoxia activates the HIF-1α pathway and upregulates CA-IX expression in medulloblastoma cells.
Cell hypoxia limits the post-translational chemical modifications of HIF-1α, leading to increased protein stabilization and subsequent translocation to the nucleus, triggering thus the transcriptional regulation of diverse genes (7) . Considering that in solid tumors gradients of low oxygen levels coexist, and in order to examine the possible differences in protein stabilization of HIF-1α in response to oxygen variations, in a first approach DAOY medulloblastoma cells were exposed to 1 or 0.1% O 2 for 24 h, and the expression levels of HIF-1α were analyzed by western blot analysis and immunocytochemistry.
As expected, hypoxia increased the nuclear and cytosolic protein levels of HIF-1α in medulloblastoma cells, by 3-to 5-fold in 1% O 2 , and by 3-to 6-fold in 0.1% O 2 ( Fig. 1A and B) . Of note, there was no significant difference in the magnitude of the HIF-1α induction between both hypoxic conditions. Activation of the HIF-1α pathway by hypoxia leads to the transcriptional regulation of numerous target genes, including the gene codifying for CA-IX, which plays a significant role in the modulation of the extracellular pH, is therefore considered as a biomarker of hypoxia, and is clinically associated to poor survival outcome in CNS tumors (30) . In the present study, optical density analysis of the immunoblots for CA-IX was performed on the bands corresponding to the transmembrane protein (Fig. 1C) , and showed increased expression in cells incubated in either 1% O 2 (19-fold) or 0.1% O 2 (22-fold). Likewise for HIF-1α levels, changes in CA-IX protein levels in response to hypoxia did not depend on the hypoxia levels, 1 or 0.1% O 2 ( Fig. 1A-C) . These results indicate that in DAOY cells moderate or severe hypoxia activates the HIF-1α signaling pathway to a similar extent.
HIF-1α nuclear and cytosolic distribution was corroborated by immunocytochemical analysis. under 1% O 2 , the fraction of cells positive to cytosolic HIF-1α increased from 7.5% (normoxia) to 84%, whereas the fraction positive for nuclear expression increased from 2.0% (normoxia) to 62%. under 0.1% O 2 , the fraction of cells with cytosolic HIF-1α immunoreactivity increased from 7.5 to 78% and the fraction with nuclear immunoreactivity increased from 2.0 to 67% ( Figs. 2A and B, and 3 ). There was no statistical difference between cells incubated in 1 or 0.1% O 2 .
Hypoxia increases the resistance to the cytotoxic effect of the pro-drugs CPA and IFA. HIF-1α overexpression has been associated with the resistance of diverse solid tumors to a variety of drugs (8) (9) (10) (11) (12) . Current chemotherapeutic regimens for medulloblastoma include the use of the pro-drugs CPA and IFA that undergo complex metabolic activation to produce intermediary metabolites and finally the phosphoramide mustard compounds that act as DNA alkylating agents (31) . Resistance to the CPA or IFA cytotoxic effect promoted by hypoxia was analyzed on the basis of changes in the concentrations required to halve the viability of medulloblastoma cells (IC 50 ). IC 50 values calculated for CPA and IFA under normoxia were 19 and 15 mM, respectively (Table I) . under 1% O 2 the IC 50 values for CPA and IFA increased by 2-and 1.5-fold, respectively, whereas under 0.1% O 2 the IC 50 values increased by 2-and 3-fold, respectively, indicating a reduction in the cytotoxic activity for both hypoxic conditions (Table I) . Although these chemotherapeutic agents share metabolic activation pathways and antineoplastic mechanisms, slight differences were observed in the effect of hypoxia; for example, for CPA there was no statistical difference in the IC 50 (Table I) .
Hypoxia inhibits the expression of the CYP2B6, CYP3A4 and CYP3A5 enzymes. The expression of various functionally active CYP enzymes has been documented in diverse tumors, supporting a role in the oxidative metabolism of a range of anticancer drugs (19) . Specifically, the CYP2B6, CYP3A4 and CYP3A5 isoforms are important for the biotransformation of CPA and IFA to produce intermediary hydroxylated metabolites and exert their antitumor activity (14, 32) . However, to the best of our knowledge there is no information on CYP2B6, CYP3A4 and CYP3A5 expression in regards to medulloblastomas. For this reason, we initially evaluated the protein expression of CYP2B6, CYP3A4 and CYP3A5 by DAOY cells. Detectable protein levels of these CYP enzymes were visualized by western blotting, and were compared with positive controls of expression (HepG2 cell line), to corroborate the similar electrophoretic mobility in SDS-PAGE (data not shown). When the hypoxia effect on CYP isoform expression was analyzed, incubation in 1 and 0.1% O 2 produced a significant decrease in CYP2B6 protein levels (-50 and -70%, respectively), in comparison with DAOY cells maintened under normoxic conditions (Fig. 4A) .
Similar results were obtained for the CYP3A4 and CYP3A5 enzymes, with incubation in 1 or 0.1% O 2 reducing by 30% the protein levels of both proteins (Fig. 4B and C) . For all three CYP isoforms, the decrease in protein levels was not significantly different between the two hypoxic conditions (Fig. 4A-C) . Together, these results indicate that hypoxia reduces the expression of CYP isoforms, leading to a possible reduction in the metabolism of CPA and IFA, and thus to drug resistance.
Hypoxia arrests medulloblastoma cells in the G1 phase, increases the expression of CDKN1B and inhibits cell proliferation. The alkylating intermediary metabolites derived from CPA and IFA by the action of CYP enzymes, react to form chemical cross-links within DNA strands, leading to cell apoptosis, an action affected by the distribution of the cell cycle (33, 34) . Incubation in 1 or 0.1% O 2 increased the fraction of DAOY cells in the G1 phase and decreased the cell population in the S phase (Table II) . Fig. 5A shows that hypoxia also decreased the number of cells to 70.4±8.7 and 68.6±4.7% of the values for normoxia in 1 or 0.1% O 2 , respectively. The arrest of the cell cycle is controlled by several cyclins, and an increase in CDKN1B is important for arrest in the G1 phase (35) . Fig. 5B and C show that incubation of DAOY cells under hypoxic conditions increased CDKN1B levels to 216±36 and 223±26% of normoxia values for 1 and 0.1% O 2 , respectively. These results suggest that hypoxia induces cell arrest, which in turn may reduce the alkylating effect of CPA and IFA.
Effect of the chemical inhibition of HIF-1α on hypoxia-induced changes in cell viability and in the expression of CYP2B6, CYP3A4, CYP3A5 and CDKN1B.
Our results suggested that in DAOY medulloblastoma cells hypoxia induced resistance to CPA or IFA via activation of the HIF-1α signaling pathway, which was correlated with decreased expression of the CYP2B6, CYP3A4 and CYP3A5 enzymes, inhibition of cell proliferation and arrest of the cell cycle in the G1 phase. In order to evaluate whether these mechanisms are dependent on HIF-1α, we next investigated the effects of the inhibition Table I . Effect of hypoxia on the cytotoxic action of CPA or IFA in DAOY cells. Table II . Effect of hypoxia on the cell cycle distribution of DAOY cells. pharmacologically, with 2-methoxyestradiol (2-ME) of the transcriptional activity of HIF-1α (36) .
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Concentrations of 2-ME >5 µM significantly decreased the viability of DAOY cells (Fig. 6A) . Treatment with 2-ME (5-40 µM) significantly reduced the nuclear expression of HIF-1α in a concentration-dependent manner (Fig. 6B) , as well as the protein levels of the hypoxia biomarker CA-IX, although in this case the effect did not depend on the 2-ME concentration (Fig. 6C) . Considering these results, and in order to analyze the consequences of inhibiting the HIF-1α pathway on the mechanisms associated with drug resistance described in the present study, 5 µM was chosen as the 2-ME optimal concentration. This concentration prevented the reduction in cell number provoked by either 1 or 0.1% O 2 (Fig. 7A) . Furthermore, both 0.1 and 1% O 2 increased the expression of CDKN1B by medulloblastoma cells, although treatment with 2-ME prevented this effect only in cells incubated in 1% O 2 ( Fig. 7B and C) .
Hypoxia inhibited CYP2B6 expression, and incubation of medulloblastoma cells with 5 µM 2-ME prevented the effect of 1% O 2 but not that of 0.1% O 2 (Fig. 8A) . CYP3A4 expression was also reduced by incubation in either 1 or 0.1% O 2 , and 2-ME prevented the effect of both hypoxic conditions (Fig. 8B) . CYP3A5 expression was reduced by incubation in 1 and 0.1% O 2 , but in this case 2-ME did not prevent this effect (Fig. 8C) . These results indicate that HIF-1α inhibition differentially affects the action of hypoxia on the expression of these CYP isoforms.
2-ME sensitizes medulloblastoma cells to CPA and IFA cytotoxicity. Treatment with CPA or IFA alone or in combination with 2-ME (5 µM) was tested under normoxic and hypoxic conditions, using the IC 50 values for CPA or IFA as previously determined (Table I) . Table III shows that under normoxia the reduction in cell viability induced by CPA (-43.2±1.7%) or IFA (-46.3±2.2%) was not significantly modified by 2-ME (-45.8±3.3 and -51.4±2.0% for CPA and IFA, respectively). In contrast, in cells incubated under 1% O 2 , the reduction in cell viability induced by CPA (-45.7±1.9%) or IFA (-50.3±2.5%) was significantly enhanced by the presence of 2-ME, to -72.7±2.1 and -76.4±2.3%, respectively. Likewise, under 0.1% O 2 , 2-ME increased the cytotoxic effect of both CPA and IFA from -44.5±1.5 and -51.2±2.9% to -69.8±2.1 and -73.5±1.9%, respectively.
The resistance index (RI) for cells incubated in normoxia was not significantly greater than that observed for CPA or IFA in combination with 2-ME. In contrast, the analysis showed that CPA and 2-ME additively decreased cell viability in 1% O 2 (RI 1.9±0.1) and 0.1% O 2 (RI 1.7±0.1). IFA and 2-ME synergistically decreased cell viability in 1% O 2 (RI 2.0±0.1) and additively in 0.1% O 2 (RI 1.8±0.1). These results suggest that the combination of CPA or IFA with 2-ME enhances the effectiveness of the treatment in cells exposed to hypoxic conditions. These results indicate that HIF-1α inhibition enhances the apoptotic effect of CPA and IFA under hypoxic conditions.
Inhibition of HIF-1α by 2-ME increases
Discussion
In CNS tumors the presence of hypoxia has been correlated with a more aggressive behavior (6) , and in several other cancer types the activation of the HIF-1α pathway in response to variations in oxygen concentration was found to increase tumor resistance to diverse chemotherapeutic agents (7) (8) (9) (10) (11) . Oxygen deprivation leads to the immediate cytosolic stabilization of HIF-1α and its subsequent nuclear translocation to dimerize with HIF-1β and modulate transcriptionally the expression of diverse genes (7).
Herein we showed that in human medulloblastoma DAOY cells, hypoxia increased the cytosolic and nuclear protein levels of HIF-1α, and that this effect was correlated with a high expression of CA-IX, a transmembrane protein with an extracellular domain that catalyzes the reversible conversion of CO 2 to bicarbonate and is involved in the regulation of the extracellular pH (37) . CA-IX overexpression is consistently associated with poor survival in diverse malignancies, including medulloblastoma (38) , and in this neoplasia it modulates E-cadherin-mediated cell adhesion via its interaction with β-catenin, leading to increased tumor progression (39) . Furthermore, CA-IX has been reported to be an endogenous sensor of HIF-1 activity due to the presence of a hypoxia response element (HRE) sequence located immediately upstream of the transcription start (40) , and the concomitant high expression of HIF-1α and CA-IX was found to be correlated with chemoresistance in lung cancer (41) , similar to that observed in the present study for CPA and IFA in medulloblastoma cells. Table IV . Apoptosis induced by CPA or IFA alone or in combination with 2-ME. Chemical transformation of CPA and IFA is performed by diverse hepatic CYP enzymes, including CYP2B6, CYP3A4 and CYP3A5 (14) , and it is widely recognized that the expression of these enzymes in tumor cells may contribute in situ to changes in the metabolic activation of these pro-drugs (19) . In relation to medulloblastoma, Liu et al documented a link between the expression of CYP1A1 and CYP1B1 and its enzymatic functionality in the metabolic activation of resveratrol in the medulloblastoma uW228-3 cell line (42) . In the present study, the CYP2B6, CYP3A4 and CYP3A5 isoforms were detectable at the protein level in DAOY cells, and interestingly their levels were significantly decreased in both hypoxic conditions, 1 and 0.1% O 2 , coinciding with resistance to CPA and IFA. In the liver, CPA is 4-hydroxylated by CYP2B6 (44.8%), CYP3A4 (24.7%) and CYP3A5 (~11.0%), whereas IFA is also 4-hydroxylated by these isoforms although to a different extent: CYP3A4, 64.8%; CYP3A5, 8.0%; CYP2B6, 6.5% (14, 32) . In addition, hypoxia downregulates CYP1A1, CYP1A2, CYP2B6, CYP2C9 and CYP2C19, and decreases drug biotransformation (24) . The reduction in CYP isoform expression would thus favor resistance to both CPA and IFA in DAOY cells.
Alterations in the expression of CYP enzymes in some neoplasias such as breast cancer, lymphomas and epithelial ovarian cancer, have been linked to resistance to ifosfamide, docetaxel, doxorubicin, etoposide and paclitaxel (43) (44) (45) (46) . Hypoxia and HIF-related pathways are linked to central cancer hallmarks by promoting metabolic reprogramming in tumor cells (47) , that in turn alters the function of CYP enzymes by compromising their mono-oxygenase activity and redox reactions (48) . However, through its binding to HRE, HIF-1α has been shown to downregulate diverse genes, including the tissue factor pathway inhibitor (TFPI), peroxisome proliferator-activated receptors (PPARα and PPARγ), estrogen receptor α (ER-α), peroxiredoxin 3 (Prx3), the vasodilator-stimulated phosphoprotein (VASP) and BID (49, (50) (51) (52) . In regard to CYP expression, in vivo and ex vivo models show that low oxygen levels also downregulate the expression of some CYP isoforms in different human or animal tissues, and cell lines (21, 22, 53) , therefore interfering with the action of a wide variety of anticancer drugs (22, 48, 54) . For example, moderate hypoxia was found to downregulate CYP3A4 expression in the HepG2 cell line, resulting in decreased metabolic activation of antineoplastic compounds (21, 22) . Inhibition of CYP expression promoted by hypoxia may thus be considered as an adaptive response (48) . Furthermore, overexpression in mice of an orthologous isoform of the human CYP46A1 appeared to be controlled by HIF-1α via HRE (55), and hypoxia was found to downregulate CYP3A4 expression in the human hepatic progenitor HepaRG cell line, an effect attributed to the presence of an HRE sequence in the 5'-flanking region (-674/-661) of the CYP3A4 gene, although functional analyses failed to demonstrate the involvement of the HRE sequence (21) .
We performed a preliminary in silico analysis on the sequences of the 57 CYP human genes in the non-coding regions (-3,500 to +1 pb) by alignment with CLuSTAL2W and JASPAR databases, and we identified HRE sequences (5'-RCGTG-3') with a high probability of functional activity (relative score ≥0.95) in CYP2B6, CYP3A4 and CYP3A5. The location of the identified HRE sequences differed among these CYP isoforms, this location being closer to the region of transcription for CYP2B6 (-972 to -965 pb) than for CYP3A4 (-3215 to -3208 and -3496 to -3489 pb) or CYP3A5 (-3293 to -3288 pb). This differential location may contribute to explain the pattern of regulation by HIF-1α found in this study (CYP2B6 > CYP 3A4 = CYP3A5). However, functional assays are required to establish the biological activity of the putative HRE sequences.
Once metabolized into their active metabolites, CPA and IFA exert their cytotoxic effect on proliferating cells and it is thus noteworthy that hypoxia diminished the proliferation of DAOY cells by ~30%, in accord with the effect reported for prostate cancer PC-3 cells (56), colorectal cancer HT-29 and SW480 cells (57) and glioblastoma D566, u87 and u251 cells (58) . This effect could be explained by the arrest in the G1 phase of the cell cycle (28-35%) observed in this study, which could in turn be responsible, at least in part, for the diminished cytotoxic action of CPA and IFA, as reported for cervical cancer HeLa and breast cancer HTB-30 cells (28) . Arrest in the G1 phase is controlled by several cyclins, including CDKN1B, and in DAOY cells both hypoxic conditions increased CDKN1B expression by 2.2 fold.
In order to corroborate whether the increased resistance to CPA and IFA promoted by hypoxia, alongside the inhibition of the expression of CYP2B6, CYP3A4 and CYP3A5, inhibition of cell proliferation and arrest of the cell cycle in G1 phase, were all effects dependent on the HIF-1α pathway, the pharmacological inhibition by 2-ME of HIF-1α activation was tested. 2-ME is a natural nonestrogenic metabolite derivative of 17β-estradiol with anti-angiogenic and pro-apoptotic activities, and has been tested in combination with canonical antineoplastic drugs in clinical phase II studies for the treatment of several types of cancer (59, 60) . The mechanisms of action of 2-ME are complex and still unclear, but it has been proposed that the drug inhibits the polymerization of tubulin, thus disrupting the normal microtubule function necessary for HIF-1α translocation to the nucleus (36) .
Incubation with 2-ME produced additive or synergistic cytotoxic actions in combination with CPA or IFA, as reported also for paclitaxel in head and neck squamous cells, such as uM-SCC-1, -6, -11A, -11B and -46 cells (61) , and sorafenib in hepatocellular carcinoma (HCC) cells (62) . Our data support thus an important role for HIF-1α in the drug resistance of medulloblastoma and confirm that its inhibition enhances treatment effectiveness.
HIF-1α inhibition with 2-ME prevented the effect on CYP2B6 expression in the 1% O 2 condition but not in 0.1% O 2 , as well as the effect of both hypoxic conditions on CYP3A4 expression, but failed to modify the downregulation of CYP3A5 expression. We do not have an explanation for the differential rescuing action of 2-ME on the expression of the three CYP isoforms studied. We propose that hypoxia induces HIF-1α-dependent transcriptional repression of CYP2B6, CYP3A4 and CYP3A5; however, our results do not discard additional HIF-1α-independent regulatory mechanisms, including the activation of transcriptional repressors such as the small heterodimer partner (SHP), which has been implicated in the inhibition of the CYP7A1 isoform under hypoxic conditions, and the downregulation of nuclear receptors implicated in the positive regulation of CYP2B6, CYP3A4 and CYP3A5, namely PPARα, PPARγ or ER-α, as well as the constitutive androstane and pregnane X receptors, whose mRNA was found to be reduced by hypoxia (1% O 2 , 24 h) in hepatic HepaRG stem cells (21, 51, 52, (63) (64) (65) In addition, post-transcriptional regulation of CYP expression implicates the action of diverse mRNA stabilizing molecules, microRNAs and long noncoding RNAs (66) . Finally, 2-ME itself could act as a chemical modulator of CYP expression, because CYP substrates or their metabolites are capable of inducing CYP expression (19) . Therefore, the role of hypoxia and HIF-1α in CYP transcriptional regulation appears to be complex and probably does not only depend on HIF-1α alone, with alternative mechanisms requiring further investigation.
Hypoxia (0.1 and 1% O 2 ) increased CDKN1B expression in DAOY cells, and in human medulloblastoma tissues CDKN1B expression was detected in 57% of samples, with four positive out of five samples from desmoplastic tumors correlating with low apoptosis levels (67). Interestingly, 2-ME induces CDKN1B expression in leukemia and sarcoma cells; however, the mechanism underlying the effect of hypoxia is poorly understood (68, 69) . In medulloblastoma cells, 2-ME treatment decreased CDKN1B expression in 1% O 2 but not in 0.1% O 2 and alternative regulatory mechanisms may therefore be involved in the lack of effect of 2-ME on the upregulation of CDKN1B expression in 0.1% O 2 . For example, the p27 promoter contains binding sites for several transcription factors including Sp1, cAMP-response element (CRE), Myb, NF-κB, and acute lymphocytic leukaemia-1 fused gene from chromosome X (70) . Since CRE, NF-κB and Sp1 are regulated by hypoxia, HIF-1α-indepent mechanisms, not prevented by 2-ME, could have contributed to the action of 0.1% O 2 , explaining thus the lack of effect of 2-ME on the upregulation of CDKN1B.
In conclusion, in previous studies 2-ME has been proposed as a potent anticancer agent and as an alternative to the existing therapies for the treatment of diverse tumors, including medulloblastoma (71) (72) (73) . This research and a few others provide experimental evidence that supports that 2-ME potentiates the chemotherapeutic effectiveness of certain antineoplastic agents, even under hypoxic conditions. Our results indicate that by stimulating HIF-1α activity, hypoxia downregulates the expression of CYP2B6, CYP3A4 and CYP3A5, that in turn leads to decreased conversion of CPA and IFA into their active metabolites and thus to diminished cytotoxicity. Accordingly, the pharmacological inhibition of HIF-1α enhanced CPA and IFA cytotoxic actions. These results support that the use of HIF-1α inhibitors in combination with canonical antineoplastic agents provides a potential therapeutic alternative against medulloblastoma.
